The mechanism by which conventional kinesin walks along microtubules is poorly understood, but may involve alternate binding to the microtubule and hydrolysis of ATP by the two heads. Here we report a single amino-acid change that affects stepping by the motor. Under low force or low ATP concentration, the motor moves by successive 8-nm steps in single-motor laser-trap assays, indicating that the mutation does not alter the basic mechanism of kinesin walking. Remarkably, under high force, the mutant motor takes successive 16-nm displacements that can be resolved into rapid double 8-nm steps with a short dwell between steps, followed by a longer dwell. The alternating short and long dwells under high force demonstrate that the motor stepping mechanism is inherently asymmetric, revealing an asymmetric phase in the kinesin walking cycle. Our findings support an asymmetric two-headed walking model for kinesin, with cooperative interactions between the two heads. The sensitivity of the 16-nm displacements to nucleotide and load raises the possibility that ADP release is a forceproducing event of the kinesin cycle.
Introduction
The kinesin motor proteins bind to ATP and microtubules, and use the energy of nucleotide hydrolysis to move along the microtubule. The first discovered or conventional kinesin is a highly processive motor that takes more than a hundred steps each time it binds to a microtubule (Howard et al, 1989; Svoboda et al, 1993; Hackney, 1995) . Steps by conventional kinesin along a microtubule are tightly coupled to ATP hydrolysis-the motor takes a single 8-nm step for each ATP it hydrolyzes (Schnitzer and Block, 1997; Coy et al, 1999) .
The mechanism by which kinesin walks along a microtubule is not well understood, although several models have been postulated. One model involves a hand-over-hand stepping mechanism in which the two heads of the motor alternate in binding to the microtubule and hydrolyzing ATP, each head in turn taking a step to advance the motor towards the microtubule plus end (Howard, 2001; Schief and Howard, 2001) . This model is supported by the finding that processivity of kinesin requires two heads (Hancock and Howard, 1998) . It accounts for the observed cooperativity of binding to nucleotide and microtubules by the two heads of kinesin-the finding that only one head of the dimeric motor binds to a microtubule and releases ADP in the absence of ATP, and that ATP hydrolysis by the bound head is required for the other head to bind to the microtubule (Hackney, 1994) -by postulating that both heads participate in ATP hydrolysis in an alternating manner. If both heads hydrolyze ATP, the tight coupling between ATP hydrolysis and steps by the motor requires that both heads be involved in producing force and taking steps along the microtubule.
A hand-over-hand model could involve either a symmetric mechanism in which the rear head always steps to the same side of the forward head to take the next step along the microtubule (Howard, 1996) , or an asymmetric mechanism in which the rear head steps to either side of the forward head (Hirose et al, 2000; Hoenger et al, 2000; Schliwa, 2003) . The rationale underlying the proposal of a symmetric hand-overhand mechanism is that the two heads of the dimeric motor are functionally equivalent and should undergo the same movements and conformational changes during the nucleotide hydrolysis cycle (Howard, 1996) . The only available crystal structure of dimeric kinesin shows a rotational symmetry of the two heads around the axis of the coiled-coil stalk that causes the microtubule-binding regions of the heads to be on opposite sides of the motor (Kozielski et al, 1997) . Thus, a symmetric hand-over-hand model would require that the motor rotate B1801 each time an unbound head binds to the microtubule to take a step. This should produce rotations during processive movement that are detectable experimentally.
Failure to observe the rotational movement predicted by a hand-over-hand mechanism has led to the proposal of an 'inchworm' model in which only one head binds to the microtubule and hydrolyzes ATP, dragging the second head along (Hua et al, 2002) . This model is consistent with the failure to observe 1801 rotations of microtubules bound to single kinesin motors, but does not account for the cooperativity of nucleotide and microtubule binding by the two heads of the motor (Hackney, 1994) , which requires that both heads of the motor hydrolyze ATP and produce force. Further, the experimental results do not compel an inchworm model, as they could also be accounted for by an asymmetric handover-hand model in which conformational changes of the neck linker or another structural element, together with stepping by the rear head to either side of the forward head in successive steps, produce net rotations too small to be detected in the previous experiments (Hua et al, 2002) .
Here we report a single amino-acid change of conventional kinesin that affects stepping by the motor. The mutant motor moves processively along the microtubule by taking successive 8-nm steps, like wild-type kinesin, but under high force the motor moves by 16-nm displacements instead of 8-nm steps. Analysis of the 16-nm displacements reveals that the motor stepping mechanism is asymmetric. The asymmetry is not stochastic, but recurs in a regular pattern that compels an asymmetric mechanism for kinesin walking. The load sensitivity of the 16-nm displacements identifies a potential forceproducing event of the kinesin cycle.
Results

Mutant design
The kinesin-T94S mutant was designed to make the highly conserved nucleotide-binding motif or P-loop of Drosophila kinesin heavy chain, GQTSSGKT, resemble more closely the P-loop of the myosins, GESGAGKT, in amino-acid sequence. The change of T94 to S causes only a small predicted structural change in the motor ( Figure 1) ; however, T94 interacts with the b-phosphate of ADP in the kinesin motors and may help stabilize ADP binding. The point mutation was thus expected to open the nucleotide-binding cleft and permit more rapid nucleotide binding or release by the motor. The mutant motor was expressed in bacteria as a fusion to a biotin-binding protein and tested for ADP release in biochemical assays and velocity of movement along microtubules in in vitro motility assays.
ADP release assays
Single-turnover mant-ADP release experiments using FPLCpurified mutant or wild-type motor protein without microtubules showed that, upon addition of 500 mM Mg Á ATP, the kinesin-T94S mutant releases ADP B3.6-fold faster (0.012870.0013 s
À1
, n ¼ 11) than wild-type kinesin (0.0035370.00017 s À1 , n ¼ 12) ( , n ¼ 3), with poorer curve fits (linear correlation coefficient, R40.75) than the kinesin-T94S mutant (R40.95).
Single-turnover assays with microtubules were performed by mixing 0.2 mM kinesin-T94S or wild-type kinesin with 1 mM microtubules and monitoring the release of mant-ADP in a fluorometer. Results of these assays showed an acceleration of ADP release by microtubules (9-to 10-fold), which was comparable for the mutant and wild type. The dissociation rate for the kinesin-T94S motor (0.028770.0187 s À1 , n ¼ 9) was higher than that of wild-type kinesin (0.016270.0062 s
, n ¼ 8) (Table I ), but the overall values did not differ significantly due to the variability from assay to assay. Attempts to measure the k cat of the mutant and wildtype motors in ATPase assays with microtubules gave variable values that were lower than normal for wild type and somewhat higher for the mutant. The high variability in mant-ADP release rates in the presence of microtubules and microtubule-stimulated k cat values may be due to the effects of the BIO fusion protein on motor-microtubule interactions when the motor is not bound to a glass surface or bead, as motor velocities in gliding and laser-trap assays were in the normal range for wild-type kinesin (see below). The k cat values with microtubules are not reported here to avoid misinterpretation of the mutant effects. Detailed studies of nonfusion mutant and wild-type motors in the presence of The atomic structure of the dimeric motor is shown as a ribbon diagram (rat kinesin heavy chain, PDB 3KIN) (Kozielski et al, 1997) . The conserved T94 in the nucleotide-binding P-loop is space-filled (purple) and the P-loop (GQTSSGKT) is green. (B) Close-up of the active site with the residue corresponding to Drosophila kinesin T94 in purple. (C) The active site with S94 (cyan) modeled into the wildtype structure in place of T94. ADP, wire diagram; helices a4 and a5, black. microtubules will be required to determine the effects of the T94S mutation on motor binding to nucleotide in the presence of microtubules. The altered rate of ADP release by the kinesin-T94S mutant in the absence of microtubules and the initial data presented here for assays with microtubules raise the possibility that ADP release in the presence of microtubules is also altered.
Gliding assays
Microtubule gliding assays (Song et al, 1997) were performed with lysates of the kinesin-T94S or wild-type motor. The assays showed good binding to microtubules by the motors attached to the coverslip, but a slower gliding velocity by B3.3-fold for the mutant (255713 nm/s, n ¼ 20) compared to wild type (853725 nm/s, n ¼ 19) (Table I) .
Laser-trap assays
The increased ADP release rate in the absence of microtubules, but decreased velocity in gliding assays, suggested that stepping of the kinesin-T94S mutant along microtubules might be altered. Traces of single kinesin-T94S motors in laser-trap assays showed slow movement compared to wild type (Figure 2A and B) . The velocity of the mutant at low load (B1 pN) was 250 nm/s, which was about one-third the velocity of wild type, 760 nm/s, consistent with the gliding assays. The stall force of B8 pN for the mutant was similar to wild type. The mutant was processive with a step size of 8 nm at low load (oB4 pN) ( Figure 2C ). Remarkably, at high load, the mutant showed frequent 16-nm displacements, which could be resolved into two rapid 8-nm steps with a short dwell between steps followed by a longer dwell, with the short and long dwells alternating between successive 8-nm steps ( Figure 2C and E). The wild-type motor showed 8-nm steps, as reported by others (Svoboda et al, 1993; Nishiyama et al, 2002) , with variable dwells between steps ( Figure 2D and F). The dwell times between steps by the mutant and wildtype motors were analyzed statistically. Steps in traces were assigned as odd or even, and the dwell times for three sequential odd steps and three sequential even steps were averaged (total ¼ 6 steps). The longer mean dwell time was divided by the shorter one to obtain the ratio. Two steps were then slipped from the first step, the next dwell time ratio was calculated, and this process was reiterated for the length of the run. Analysis of the traces for the mutant and wild type in Figure 2C and D is shown in Figure 2G and H.
In all, 31 traces of the mutant and 20 traces of wild type were analyzed in this way without selecting for 8-or 16-nm displacements (Figure 3 ). The dwell time ratio, referred to as the limp factor L , increased sharply for the mutant from 2.99 to 6.35 with 2.4-6.9 pN force ( Figure 3A) . By contrast, the limp factor of wild-type kinesin increased slowly from 1.88 to 2.57 with 2.4-6.7 pN force, remaining at a low ratio of o3 ( Figure 3A) .
The average dwell time of the kinesin-T94S mutant was B2.5 times longer than that of wild type (mutant ¼ 37 ms and wild type ¼ 14.6 ms at 2.4 pN; mutant ¼ 159 ms and wild type ¼ 61 ms at 6.7-6.9 pN) ( Figure 3B and C) . For the mutant, the long dwell times increased sharply with force, whereas the short dwell times increased more gradually. The short dwell times of the mutant were longer than the average dwell times of wild type at low force, but they were shorter at high force.
The 16-nm displacements, characterized by short dwell times and high L values, appeared clearly at high force (X4 pN), where they were observed frequently for single kinesin-T94S motors (L45, 32% of dwell time ratios, total ¼ 149, compared to 22% at o4 pN, total ¼ 74). The 16-nm displacements were observed infrequently for wild type (2% of dwell time ratios, total ¼ 148).
At low force, single kinesin-T94S motors showed 8-nm steps at higher frequency than at high force, rather than 16-nm displacements. The appearance of the 16-nm displacements at high force indicates the existence of a phase in the kinesin-T94S walking cycle that can be accelerated by force, resulting in the rapid double 8-nm steps. The 8-nm steps by the mutant were also observed at low ATP concentration (10 mM) (L ¼ 2.37 at 2.3-6.2 pN force). The low frequency of 16-nm displacements by the mutant at low ATP concentration (L45, 5% of dwell times, total ¼ 99) is probably due to the time required to release ADP and bind ATP. The rate-limiting step of the kinesin cycle is thought to be the release of ADP (Hackney, 1988) . But because the dwell time for the mutant at 10 mM ATP was B3 times that at 1 mM ATP, the rate-limiting step at low ATP concentration is likely to be ATP binding rather than ADP release, making the dwell time between steps by the mutant close to that of wild type.
Discussion
A kinesin stepping mutant
We report here a new mutant of Drosophila kinesin heavy chain that was rationally designed to make the nucleotidebinding P-loop resemble more closely that of the myosins. The mutant motor has a change of T94S in the P-loop, which was expected to open the nucleotide-binding cleft and increase the rate of nucleotide binding or release by the motor. This relatively minor structural change causes the motor to release ADP B3.6-fold faster than wild type in the absence of microtubules and to translocate microtubules in gliding assays with a velocity B3.3-fold slower than wild type. In single-molecule laser-trap assays, the mutant motor shows frequent 16-nm displacements under high force, which are resolvable into rapid double 8-nm steps, consisting of alternating slow and fast steps. At low force or low ATP concentration, successive 8-nm steps were observed instead of 16-nm displacements. The wild-type motor showed infrequent 16-nm displacements due to rapid double 8-nm steps. The frequency of rapid double 8-nm steps is thus enhanced in the mutant compared to wild type. The 16-nm displacements arise by alternating fast and slow dwell times, causing alternate steps to be fast and slow. The structural basis of a slow step by the kinesin-T94S mutant that alternates with a fast step could be due to an inherent asymmetry of stepping to the right or left of the forward head caused by the handedness of the twist of the coiled coil. Stepping to the right might be constrained by the twist of the coiled coil, whereas stepping to the left might not be, and might be accelerated by interactions of the rear head with the forward head.
The successive 16-nm displacements in the kinesin-T94S traces with alternating short and long dwell times indicate that a step in the kinesin walking cycle is asymmetric, as predicted by asymmetric two-headed walking models, but not by symmetric ones such as hand-over-hand models in which the rear head always steps to the same side of the forward head (Howard, 1996) , or inchworm models, in which only one head steps, dragging the other head along (Hua et al, 2002) . Our results favor an asymmetric walking model in which the two heads of kinesin alternate in binding to the microtubule and hydrolyzing ATP.
Stepping by heterodimeric kinesin Recently, others have reported 16-nm displacements by a heterodimeric kinesin protein consisting of kinetically different mutant and wild-type motor subunits (Kaseda et al, 2003) , providing evidence that the two heads of the heterodimeric motor alternate in stepping. The interactions of the two heads of a heterodimeric motor with one another could differ from that of the native motor, however, due to the mutation in one head or due to the different proteins to which they were fused. The results we report here differ from those of Kaseda et al (2003) in that we observe asymmetry of movement for a homodimeric kinesin motor. This substantiates these previous findings by showing that the asymmetric steps of the heterodimer must have been due to an inherent asymmetry of stepping by the motor and were not dependent on the differences in the motor subunits.
Limping by wild-type kinesin motors
Our findings differ from those reported recently by others for wild-type Drosophila and native squid kinesin. These workers found evidence for alternating slow and fast steps under high force (4 pN) for truncated Drosophila kinesin proteins, whereas we did not observe frequent 16-nm displacements for our truncated wild-type kinesin, which was expressed as a fusion to a 106-residue BIO protein with two linker residues. The basis of these conflicting results could be a difference in the kinesin preparations used in the assays, a dependence of limping on the total length of the proteins analyzed, such that shorter proteins show a greater tendency to limp because they interact asymmetrically with the surface of the bead rather than the microtubule, or the conditions of the laser-trap assays. In the present work, we used a kinesin motor fused to a BIO domain to prevent interactions of the motor with the bead.
The velocities reported by Asbury et al (2003) both for their truncated and native kinesin proteins were unusually slow, B65-165 nm/s (calculated from the mean fast and slow dwell times in their Figure 3C ). These velocities are significantly slower than the velocities of 300 and B600 nm/s for squid kinesin at 4 pN reported previously by the same laboratory (Visscher et al, 1999; Block et al, 2003) , and the velocity of 390 nm/s at 4.0 pN of our wild-type kinesin, DmK447-BIO. These unusually slow velocities could arise if the force-clamp assays were performed under higher actual force than the reported value of 4 pN, or the kinesin proteins used in the assays were heterogeneous, comprising some motors in which one head was slower than the other due to partial inactivation during purification. The slow velocities of the truncated and native kinesin motors reported by Asbury et al (2003) need to be accounted for and correlated with the limping behavior of the motors before attempting to reconcile our data with theirs.
Kinesin-T94S and stepping models
The results we report here are important in that they show that a kinesin mutant with a single amino-acid change in the nucleotide-binding P-loop, under high force, shows a high frequency of rapid double 8-nm steps, resulting in 16-nm displacements. Under low force or low ATP concentrations, the mutant takes 8-nm steps, like wild-type kinesin. This suggests that the mutation enhances a step in the wild-type kinesin stepping cycle that is sensitive to load and the nucleotide state of the motor. Load-sensitive conformational changes have not previously been identified for kinesin and are believed to correspond to the force-producing steps of the hydrolysis cycle. The finding that the mutant motor is altered in ADP release tentatively identifies ADP release as a forcegenerating event of the kinesin cycle, although it is still possible that a different step of the hydrolysis cycle is affected. Further biochemical studies will be required to determine the step in the cycle that is altered in the mutant and how it affects the motor stepping mechanism. The observation of rapid double 8-nm steps under high load with alternating long and short dwells implies that a phase of the stepping cycle is affected by the mutant that involves the alternative regulation or interactions of the two heads.
The disappearance of the 16-nm displacements at low force or low ATP concentration indicate that another ratelimiting step, probably ATP binding, suppresses the rapid double 8-nm steps by interposing a longer dwell between the steps, resolving them into two steps. The ability of the kinesin-T94S motor to take successive 8-nm steps demonstrates that the basic mechanism of walking by the kinesin motor is unaltered. The appearance of the rapid double 8-nm steps or 16-nm displacements at high force and their infrequent appearance in wild-type traces indicates that the mutant enhances a step in the walking cycle that is inherently asymmetric, revealing an asymmetric walking mechanism for kinesin.
Materials and methods
Plasmids
Plasmids to express the kinesin-T94S mutant or corresponding wild-type Drosophila kinesin heavy chain (KHC) motor fused to a biotin-binding protein were constructed by inserting DNA fragments synthesized by the polymerase chain reaction (PCR) into pMW172/KHC (Song and Endow, 1996) . The plasmids encode M-G-S þ KHC residues E4-Q447, linked by G-S to 106 residues of the Propionibacterium shermanii biotin-binding transcarboxylase (BIO)
